A relativistic ab initio model potential ͑AIMP͒ for Pt, Au, and Hg atoms has been developed using a relativistic scheme by eliminating small components ͑RESC͒ in which the 5p, 5d, and 6s electrons are treated explicitly. The quality of new RESC-AIMP has been tested by calculating the spectroscopic properties of the hydrides of these elements using the Hartree-Fock and coupled cluster with singles and doubles ͑CCSD͒ methods. The agreement with reference all-electron RESC calculations is excellent. The RESC-AIMP method is applied successfully in the investigation of the spectroscopic constants of Au 2 and Hg 2 using the CCSD method with a perturbative estimate of the contributions of triples. The ground state of Pt 2 is also determined by RESC-AIMP with the second-order complete active space perturbation method. The results show that scalar relativistic effects on the valence properties are well described by the RESC-AIMP method. The effect on the basis set superposition error on the spectroscopic constants is also examined.
I. INTRODUCTION
It is common knowledge that relativistic effects are important in the study of systems that include the heavier elements. The most widely used quantum chemical method in heavy element chemistry is the effective core potential ͑ECP͒ approximation. In this approach, the core electrons are modeled using a suitable function, and only the valence electrons are treated explicitly. Part of the relativistic effects, especially the scalar effects, may also be taken into account without having to perform full relativistic calculations. In many cases, this provides quite good results at a reduced cost compared to an all-electron calculation. There are two ECP families: the pseudopotential ͑PP͒ method and the model potential ͑MP͒ method. In the PP method, derived from the Phillips-Kleinman equation, 1 the valence orbitals are replaced by a set of nodeless pseudo-orbitals. The valence orbitals have a series of radial nodes in order to make them orthogonal to the core orbitals, and the pseudo-orbitals are designed so that they behave correctly in the outer region, but do not have a nodal structure in the core region. On the other hand, the MP method, originally proposed by Huzinaga and co-workers, 2 which finally gave rise to the ab initio model potential method ͑AIMP͒, 3, 4 describes the correct behavior for the inner nodal structure of the valence orbitals. Since the relativistic operators act in the near vicinity of the nucleus, the MP method might be preferable. However, the MP method requires more primitive basis functions than the PP method in order to represent the correct nodal properties of the valence orbitals.
The AIMP consists of a Coulomb potential, an exchange potential, and a projection operator, and has a clear physical meaning, in that it represents Coulombic and exchange interactions between a single valence electron and the core electrons. Several relativistic variations of the AIMP method have been proposed: the AIMP method with the Cowan-Griffin Hamiltonian ͑CG-AIMP͒, [5] [6] [7] the AIMP with the Wood-Boring Hamiltonian-͑WB-AIMP͒, 8, 9 and the AIMP with the Douglas-Kroll transformed no-pair Hamiltonian ͑NP-AIMP͒. [10] [11] [12] Remarkable success has been achieved with these relativistic methods for systems containing heavy atoms.
Recently we have proposed a new relativistic scheme by eliminating the small components ͑RESC͒ 13-17 of the fourcomponent Dirac equation. This is variationally stable and avoids the Coulomb singularity. The formalism can easily be applied to any electronic structure theory. The implementation of the spin-free RESC Hamiltonian into nonrelativistic ab initio and density functional theory programs requires only a modification of the one-electron integrals. The RESC can be extended to include the electron correlation by methods analogous to those for the nonrelativistic case. The RESC approach has been proven to yield a satisfying result for valence properties.
In this paper, we propose using the AIMP method with the RESC Hamiltonian ͑RESC-AIMP͒ by replacing the nonrelativistic one-electron operator with the spin-free RESC one-electron operator, and have applied this to Pt, Au, and Hg atoms. Illustrative calculations are performed for the atomic properties and spectroscopic constants of the hydrides of these elements using the Hartree-Fock ͑HF͒ and coupled cluster with singles and doubles ͑CCSD͒ methods. The differences between the RESC-AIMP and the all-electron RESC are examined to check the quality of the AIMP. The spectroscopic constants for Au 2 , Hg 2 , and Pt 2 are also calculated using a large basis set and the highly correlated methods such as CCSD method perturbatively corrected for triples ͑CCSD͑T͒͒ and the second-order complete active space perturbation ͑CASPT2͒ methods.
In Sec. II we briefly describe the theoretical background. Computational details are given in Sec. III. In Sec. IV we present and discuss our calculated results. A conclusion is given in the Sec. V.
II. THEORETICAL BACKGROUND

A. The RESC method
The RESC Hamiltonian can be separated into a spin-free ͑sf͒ component and a spin-dependent ͑sd͒ component as
Here, the O j , Q j , and T j operators are defined by
and
The parameter denotes the three Pauli 2ϫ2 spin matrices, and p i is the momentum operator. For a practical calculation, the Hamiltonian matrix elements are evaluated in the space spanned by the eigenfunctions of the square of the momentum p 2 , following Buenker et al. 18 The symmetry of H RESC is Hermitian for mathematical convenience, rather than for physical significance. The RESC method is variationally stable, and can be easily implemented in various nonrelativistic ab initio theories. Thus, one can handle the relativistic effect on the same footing as electron correlation effects. The detailed derivation and the practical computational techniques are given in Ref. 13 .
B. The RESC-AIMP method
The atomic RESC-AIMP Hamiltonian for n valence electrons is written as
The first and second terms in the one-electron operator are taken from the H RESC sf operator. The V Coul operator represents the Coulomb interactions of one valence electron with the Z core core electrons and the same number of protons located at the nucleus. It is convenient to fit V Coul with a linear combination of Gaussian functions
In the same way, the V exch operator represents the exchange interaction between one valence electron and the core electrons. This operator is replaced by its spectral representation operator
where a and b are arbitrary Gaussian functions. A l,ab is an element in the following matrix:
where
and S i j ϭ͗i͉ j͘. ͑14͒
By using these operators, all the one-electron exchange integrals become those of the all-electron calculation, if ͗i͉ and ͉ j ͘ are set to belong to the ͕a;lm͖ and ͕b;lm͖ basis functions. The operator P(i) is obtained by the core-valence orthogonality, and consists of the core orbitals c and the core orbital energies ⑀ c . The nodal structures of the valence orbitals are realized through this operator.
͑15͒
The uncontracted (22s18p14d9 f ) basis sets by Faegri 11, 19 were employed as the reference all-electron basis sets. The HF calculations with the all-electron RESC method for Pt, Au, and Hg atoms were performed with these basis sets. The core orbitals, which were obtained from those calculations, were used to construct the V Coul (i), V exch (i), and P(i) operators. The 5p, 5d, and 6s electrons were treated explicitly. In the fitting process, the parameters C and ␣ in Eqs. ͑10͒ were determined using a least-square fit method. As the basis of the spectral representation operator, we employed the whole set of atomic valence primitive functions in all cases.
III. COMPUTATIONAL DETAILS
In the atomic calculations, the Faegri (22s18p14d9 f ) basis sets 11, 19 were employed in an uncontracted manner. The calculations were performed at the levels of HF and CCSD. The 5p, 5d, and 6s electrons were correlated in the CCSD calculations.
In the calculations of the hydride molecules, all-electron calculations were performed using the Faegri (22s18p14d9 f ) basis set. Since the spectroscopic constants are rather sensitive to the outer region of a basis set, the outermost three s and d, four p, and one f primitive functions were replaced by the corresponding three s, p, d and one f functions of the CG-AIMP (13s10p9d6 f ) basis set; 7 it must be noted that the primitive functions of the CG-AIMP valence basis set have been proven to be useful in NP-AIMP calculations. 11, 12 The AIMP calculations were carried out using the uncontracted basis sets (22s17p14d9 f ) and (13s10p9d6 f ). The general contracted basis set was also used for the AIMP calculations. The exponents of the valence basis sets used in AIMP calculations are usually fewer than in the respective all-electron calculations, and they are variationally optimized by minimization of the AIMP valence energy. In the present work, however, the entire allelectron primitive expansion was used for the description of the valence electrons since we are now focusing our attention only on the core model potentials. The (22s17p14d9 f ) primitive basis set was contracted to a ͓4s4 p4d2 f ͔ set, using self-consistent field coefficients for s, p, and d functions. The contraction coefficients of the f function are obtained from the natural orbitals of modified coupled-pair functional ͑MCPF͒ 20 calculations of an atom. The outermost three s, p, d, and one f functions were left uncontracted. The (9s2 p)/͓6s2p͔ set of Lie-Clementi 21 was used for the H atom. In the CCSD calculations, 5p, 5d, and 6s electrons of the metal and the 1s electron of the hydrogen were correlated. The correction of the basis set superposition errors ͑BSSEs͒ was made using the counterpoise method of Boys and Bernardi. 22 In the calculations of Au 2 , the basis set (21s17p11d7 f ) by Pizlo et al. 23 was employed. For Pt 2 and Hg 2 , the original basis sets by Faegri were modified. The innermost one s, p, d, and two f functions were removed and the outer 14s14p11d and 15s14p11d functions were replaced by even-tempered 16s14p11d and 18s14p12d functions for Pt and Hg, respectively. Furthermore, one f function was augmented for each set. Finally, (23s17p13d8 f ) and (24s17p14d8 f ) basis sets were obtained for the Pt and Hg atoms, respectively. Valence-only atomic natural orbitals ͑ANO͒ 24-26 basis sets were constructed. That is, the natural orbital coefficients from the averaged density matrices of some low-lying states of an atom, calculated by MCPF, were used to derive the contracted valence-only ANO basis sets. For the Au atom, Au(s 1 d 10 ), Au(s 2 d 9 ), and Au ϩ (s 0 d 10 ) states were averaged with weightings 2, 1, and 1, respectively. Similarly, the Hg(s 2 d 10 ) and Hg ϩ (s 1 d 10 ) states were averaged with weightings 2 and 1, respectively, for the Hg basis sets, and three Pt(s 1 d 9 ), Pt(s 2 d 8 ), and Pt ϩ (s 0 d 9 ) states with weightings 2, 1, and 1, respectively, were averaged for a Pt atom.
All-electron calculations were performed using the MOLPRO98 27 program, and the AIMP calculations were performed using the MOLCAS4 28 program. The spectroscopic constants were determined by fitting the Morse potential for 10 ͑or 11͒ points near the equilibrium distance with a spacing of 0.1a 0 .
IV. RESULTS AND DISCUSSION
A. Atomic calculations
First, we present the atomic results of the Pt, Au, and Hg atoms in order to check the quality of the AIMP. Table I shows the expected radial values of the valence orbitals. The values calculated by the RESC-AIMP method are in excellent agreement with those found by the all-electron RESC method. Comparison with the nonrelativistic AIMP results shows a change in the orbital ͑radial͒ part of the wave function due to relativistic effects. It is the core that is expected to be greatly changed by these relativistic effects. One can expect the core to shrink and the valence 6s and 5p orbitals to may be shrink, and 5d orbitals to expand to accommodate the change in the core density.
In Table II , we show the ionization energies, electron affinities, and interconfigurational energies. The discrepancies between the all-electron RESC and the RESC-AIMP results are less than 0.03 eV. At the HF level, in particular, the error is less than 0.01 eV because the spectral representation operator reproduces almost the same exchange operator as that of the all-electron RESC method. The valence 6s and 5p orbitals are stabilized, while the 5d orbital is destabilized, due to a relativistic effect. This leads to an increase in the ionization potentials and electron affinities and a decrease in the interconfigurational energies. The agreement between the RESC-AIMP and the all-electron RESC methods is excellent. Therefore, it can be concluded that the quality of the AIMP is sufficient at the atomic level.
B. PtH, AuH, and HgH
To investigate the relationship between the valence basis set and the molecular properties, we performed HF and CCSD calculations on the hydride molecules of Pt, Au, and Hg, and calculated the spectroscopic constants. The results for the bond lengths R e , vibrational frequencies e , and dissociation energies D e are shown in Table III .
For AuH, the reference all-electron results are: R e ϭ1.583 Å; e ϭ2055 cm Ϫ1 ; and D e ϭ1.67 eV at the HF level, and R e ϭ1.540 Å; e ϭ2225 cm Ϫ1 ; and D e ϭ2.83 eV at the CCSD level. The correlation effect decreases R e and increases e and D e . The differences between the AIMP and all-electron RESC calculations with the same basis set are estimated to be 0.004 Å for R e , Ϫ12 cm Ϫ1 for e , and Ϫ0.02 eV for D e at the HF level. The corresponding errors are almost negligible at the CCSD level. The AIMP with the reduced number of primitives (13s10p9d6 f ) of Ref. 7 gives slightly larger errors: 0.011 Å; Ϫ23 cm Ϫ1 ; and Ϫ0.06 eV at the HF level, and 0.009 Å; Ϫ35 cm Ϫ1 ; and Ϫ0.06 eV at the CCSD level. The errors of the AIMP method with the valence-only contracted basis set are similar to those with the uncontracted basis sets at the HF level: 0.007 Å; Ϫ25 cm Ϫ1 ; and Ϫ0.06 eV. However, the errors become noticeable at the CCSD level: 0.012 Å; Ϫ64 cm Ϫ1 ; and Ϫ0.10 eV. Introduction of the AIMP approximation tends to increase R e and decrease e and D e at both the HF and the CCSD levels.
A comparison of HF and CCSD results with and without correction of the BSSE clearly shows the need to include this correction. The BSSE is rather small at the HF level, but it becomes significant at the CCSD level. Comparison of the BSSE corrected and uncorrected values shows that the BSSE correction increases R e and decreases e and D e at both the HF and CCSD levels. This tendency is common to both the all-electron and AIMP calculations. We should note that the counterpoise method overestimates the BSSE as pointed out by several authors. 29 Very similar trends to those discussed above can be observed in the calculations of PtH and HgH.
The present results indicate that the AIMP method can reproduce the spectroscopic constants of the reference allelectron RESC calculations, provided that the valence basis sets are sufficiently large. 
C. Au 2
Au 2 is probably the most important benchmark molecule for testing the relativistic methods. Although extensive studies have been performed using this molecule, it is still difficult to predict the spectroscopic properties of Au 2 reliably. Table IV shows the CCSD͑T͒ results for Au 2 . Some previous theoretical values, 30, 31 as well as experimental values, 32 are also listed in Table IV for comparison. The effects of the BSSE on spectroscopic constants were also investigated. Nonrelativistic AIMP calculations were also carried out, and results are shown in Table IV . Relativistic effects on the spectroscopic constants of Au 2 are significant, which is now well understood, and the trend is consistent with previous calculations. [33] [34] [35] We shall begin with a discussion of the BSSE. This important aspect has sometimes been overlooked. In the case of the ANO-type basis set ͓11s9 p8d5 f ͔, the BSSE are Ϫ0.008 Å, ϩ2 cm Ϫ1 , and ϩ0.05 eV for R e , e , and D e , respectively. Since no completely reliable scheme for eliminating the BSSE exists, the choice of the valence-only basis set is very important for the accurate determination of molecular properties.
The RESC-AIMP method gives the same quality of results ͑2.524 Å, 178 cm Ϫ1 , and 2.03 eV for R e , e , and D e , respectively͒ as the all-electron Douglas-Kroll method ͑2.521 Å, 180 cm Ϫ1 , 2.04 eV͒, when the basis set and the electronic correlation are treated at the same level. The best results we obtained were at the CCSD͑T͒ level, with the 34 valence electrons correlated: R e ϭ2.511 Å, e ϭ183 cm Ϫ1 , and D e ϭ2.12 eV. These values are in satisfactory agreement with experimental data: R e ϭ2.472 Å, e ϭ191 cm Ϫ1 , and D e ϭ2.29 eV. Further improvement may require an extensive basis set with angular momentum functions higher than the f level, as pointed out by Hess and Kaldor. 30
D. Hg 2
Hg 2 is known as a weakly bound van der Waals molecule, so highly correlated methods with the extensive basis set and a BSSE correction, as well as relativistic effects, are required to reliably determine the spectroscopic constants. Table V shows the spectroscopic constants of Hg 2 calculated at the CCSD͑T͒ level. In the present CCSD͑T͒ calculations, the 5p, 5d, and 6s electrons were correlated. Selected results of previous theoretical studies 36, 37 are also summarized in Table V .
The inclusion of relativistic effects at the CCSD͑T͒ level decreases R e by 0.259 Å and increases e by 0.8 cm Ϫ1 and D e by 0.001 eV. These tendencies are in agreement with the previous calculations by Yu et al. 37 The best result obtained was 3.836 Å, 16.3 cm Ϫ1 , and 0.039 eV for R e , e , and D e , respectively. The discrepancies with the experimental values 38, 39 are about ϩ0.2 Å, Ϫ2 cm Ϫ1 , and Ϫ0.004 eV. Our results are satisfactory at this level of theory. We did not include any spin-orbit effects. Dolg and Flad 40 reported that the spin-orbit effects decrease R e by 0.035 Å and increase D e by 0.003 eV. However, these effects are of the same order of magnitude as the experimental error bars.
E. Pt 2
In spite of various theoretical [41] [42] [43] and experimental [44] [45] [46] [47] [48] studies, the molecular properties of Pt 2 are not well known. In particular, the identity of the ground state electronic structure of this molecule is still unresolved, which leads to difficulty in interpreting experimental observations. In this study, the lowest 12 electronic states were calculated in both the singlet and triplet manifold in each representation in D 2h . All calculations were performed with the AIMP Table VI with experimental and previous theoretical values. The calculated spectroscopic constants of the ground state were found to be 2.293 Å, 256 cm Ϫ1 , and 3.82 eV for R e , e , and D e , respectively. There are several experimental data. Our computed results support the ones observed by Gupta et al. 44 The assignment of the ground states agrees with the previous calculations of Cui et al. 42 They reported that the spectroscopic constants of the ground state 3 B 1g ( 3 ⌺ g Ϫ ) were 2.409 Å and 2.62 eV for R e and D e , respectively, at the CASPT2 level. Balasubramanian 43 also reported that by considering spinorbit effects at the first-order configuration interaction ͑FOCI͒ level, the 3 ⌺ g Ϫ state is the lowest energy state and the 3 ⌫ u state lies 0.13 eV above this. With respect to the 3 ⌺ g Ϫ state, spin-orbit effects increase R e by 0.028 Å, decrease e by 30 cm Ϫ1 , and decrease D e by 0.30 eV. Taking account of the spin-orbit effects, our results at the spin-free level seem very encouraging.
V. CONCLUSIONS
A RESC-AIMP method has been developed by modifying the one-electron operator in the usual AIMP method, and the AIMPs for Pt, Au, and Hg atoms were generated. We have shown that the RESC-AIMP method can reproduce the spectroscopic constants of the reference all-electron RESC calculations, provided that the valence basis sets are sufficiently large.
We have applied the method successfully to the study of metal dimers using the CCSD͑T͒ and CASPT2 methods. For Au 2 , the present scheme shows the same qualities as the previous all-electron Douglas-Kroll calculation. For Hg 2 , as indicated by other authors, a large basis set and the correction of the BSSE, as well as the correlation, are indispensable in calculating accurate spectroscopic constants. We have concluded that the ground state of Pt 2 is the 3 ⌺ g Ϫ state, and have presented reliable spectroscopic constants at the spinfree level of theory.
It is concluded that RESC-AIMP is an accurate and efficient alternative to more demanding all-electron relativistic methods. 
